Abstrucf-This paper presents a new approach to deal with the problem of robust tuning of PSS in multimachine power systems with different operating conditions of load, topology and generation scheduling. The proposed method is based on the formulation of an optimization problem, solved by an evolutionary programming algorithm. The effectiveness of the proposed approach is demonstrated through modal analysis and nonlinear simulations of two test systems, carried out using Matlsh and PSSZ software package.
I. INTRODUClTON HE power system dimension growth and the increased tory, technical, etc.) are leading to more tight stability margins and to the arise of conditions propitious to low damped oscillations. Such conditions can also be precipitated by contingencies, such as line outages, or high load levels. Hence, even systems that have adequate damping in normal operation, can often suffer from these problems during abnormal conditions. When this happens, additional damping may be required.
A valuable contribution to increase system damping is given by Power System Stabilizers (PSS), if correctly tuned. The first methods used to find out the parameters of PSS assumed that such tuning could he made using an approach where the generator was connected to an infinite bus. Although interesting and simple, it was early seen that it did not respond to the needs of modem large interconnected systems and a multimachine model was required to provide adequate solutions. However, the solution of the PSS tuning problem can he quite complex in multimachine power systems, due to the dimensionality problem.
It is well known that power systems dynamic behavior may be quite different at different operating conditions. Consequently, a set of parameters that produces satisfactory damping for a given operating condition may no longer be the desirable one in a different operating scenario. These facts show that search for robust solutions, which are able to produce satisfactory results for the all set of different operating conditions, is very much needed.
T .
operating constrains (economic, environmental, regula-Several techniques have bean proposed to deal with this problem. An interesting approach exploits the concept of sensitivity, which comprises two steps: the design of the phase compensation network and the computation of the gain. In [l] it is suggested to minimize the 'jum of the weighted PSS gain increments, after the compensation design. The weighting coefficient constitutes a way to bias the solution in favor of the most effective stabilizers, based on previous analysis. In 12. 1 the concept of sensitivity is introduced in the calculation of the PSS gain, giving to the algxithm the ability of selecting the most efficient stabilizers. In both cases, the problem is formulated and solved as a Linear Programming (LP) problem.
However, the use of LP approaches has several limitations and is not flexible enough. The use of meta-heuristics provided a powerful tool to overcome some of the LP limitations. In 131- [5] it is introduced the use of meta-heuristics to solve this problem. In this approach, the objective function used lead to the maximization of the mode damping, providing simultaneously the determination of the compensation networks and gains, but having the inconvenience of the need of a previous selection of the PSS locations.
The method presented in this paper, is intended to be a new tool to assist in PSS tuning, by trying to combine the best feaNres of the approaches mentionod above. The problem is formulated as an optimization one, where the objective function consists in the minimization of total amount of control actions, subject to a set of restrictions. EPSO -Evolutionary Particle Swarm Optimization -is used here as optimization motor [6] , [7] , to identify robust solutions in the search space.
In the following sections, the problem formulation is presented and some results of its application to the well-known Two-Area and New England test systems are described. Finally, the quality of the results is evaluated with time domain nonlinear simulations using the I'SSE software package.
POWER SYSTEM MODELING
A linear model of the power system, in a state space form, is used in this research [SI. The canonical description given by equations (I) was obtained from the analytical linearization of differential equations that define the state model. This model allows the use of classical approach to analyze the stability conditions of the power system, which consists in computing the eigenvalues of the state matnx, from which are then calculated the damping conditions associated to each oscillation mode. The control variables (solution of the problem) are, for each pss, the gain K, the number of lead-lag blocks N and the time constant values (T = TI and a = TI I T2) of each of these blocks. Limits are also imposed to the gains of the stabilizers and to the time constants in the lead-lag blocks. The washout time constant is specified previously to the PSS designs and is not adjusted. The generators where the gain value of the PSS, determined with this approach, present a value different from zero are the ones selected for PSS installation.
The factor wl, = (1-p,,) correspond to the weighting coefficient. As mentioned in [9],[1 I], the participation factor provides a g o d and simple indication of the best location to install PSS. The participation factor of generators speed can be seen as the mode sensitivity to the installation of an ideal PSS using speed as input. To weight properly the gain, the speed participation factor of each generator in an oscillation mode was divided by the sum ofthe participations, described by (4).
To better understand how the participation factor inuoduces a localization index in the objective function, let us analyze the result for extreme values ofp,. I f p , = l , it is because only generator j-th has influence on mode i. This results in wji = 0, which means that the PSS gain ofj-th generator can take any value between its limits, since no other generator can damp mode i. On the other hand, i f p , = 0, it is because generatorj-th has no influence over mode i. In this way, the gain will be minimized with wli = 1. Of course, a real occurrence should be between these two extreme cases.
The system damping is determined calculating the eigenvalues of the state matrix, but only the electromechanical modes are considered to identify the problem solution. The eigenvalues determination is obtained by using MATLAB QR method routines. Therefore, this approach is limited by the capab The solution of this problem can also be oriented just to deal with the poorly damped modes of the system.
By considering an objective function of this kind, it is then possible to indicate admissible locations to install PSS and let
Of course, the oscillation mode does not contain all information. The influence of each state variable in system behavior can be assed by analyzing mode-shape (right eigenvector) and participation factors. From the eigenvectors, we can Cab culate the participation factors, which are defined as the product of the j-th element of the right v, i and left wj8 eigenvectors, corresponding to the i-th oscillation mode 111. PROBLEM FORMULATTON The purpose of the approach described in this paper is to identify a reduced number of PSS to be installed in power system generators, and, for each one of these PSS, to determine the set of parameters that provides a robust solution, producing in this way a satisfactory global damping, for all less damped oscillation modes and for the all set of considered operating conditions.
The engineering problem consists therefore in the minimization of the total system control actions. Mathematically, the problem can then be formulated as a minimization one, where the objective function -OF ( X J ~ consists in the weighted sum of the PSS gains, subject to a set of restrictions, (namely damping of the oscillation modes should be smaller than a given bound and control variables should be within allowable es ofthe routine used. the algorithm select the best ones. This is an advantage relatively to other methods, which need a specification regarding where PSS are to be installed. By specifying such location, one is limiting the search space and eliminating solutions that could be more interesting.
The use of a tool such as the one described here bas increased interest is situations where it is difficult to identify a ''worst case" scenario, to design afterwards the PSS solution.
W . OFTIMIZATION MODULE
The determination of the solution of this problem is performed here using an Evolutionary Particle Swarm Optimization (EPSO) algorithm, inspired in both Evolutionary and in Particle Swarm Optimization algorithms, as described in [6], [7] . This method provides a very effective meta-heuristics searching approach in the solution searching space defined by the control variables.
The EPSO algorithm, recently developed, is quite robust and has the advantage of dealing easily either with continuous variables, which is the case of most of the variables involved in this PSS tuning problem, or with discrete variables (number of leaflag blocks, in this case).
The solution of the objective function within the EPSO algorithm is obtained by adding a penalty to the objective function defined by equation (5), such that this penalty is proportional to the square deviation of the violated restrictions (in this case the system oscillation modes damping).
Each particle -a potential problem solution -is composed by the control variables of generators where it is possible to install PSS.
The particles are oriented towards the best solutions by adding to the present position (solution) a factor, called particle velocity. As in classical PSO, the velocity is defied as the sum of three factors (inertia, memory and cooperation), in this case weighted hy self-adaptative parameters. This increases the robustness of the algorithm [6], [7] .
The initial particles were selected randomly. In some cases, a particle, representing a good solution, may be given to the algorithm at the beginning of the searching procedure. This increases convergence speed but may also lead to a local optimum instead of the global optimum.
V. NUMERICAL RESULTS IN TEST SYSTEMS
Two test systems have been used in this research to demonstrate the effectiveness of the developed approach. A simple two-area test system was used first to get a good view of the problem and of the results provided by the approach used. A larger system was exploited afterwards to show that good results could also he obtained independently of the dimension of the problem.
A . Two-Area System
A test system widely used for small signal stability studies was used here to demonstrate the performance of the used approach. This simple two-area system is shown in Fig. 1 . Network and generator data can be found in [SI.
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Fig. I . Two-area test System
Synchronous generators are modeled using a six order model with magnetic saturation neglected. It was assumed that generators are equipped with a typical DC excitation system, modeled with an IEEE type 1 AVR model. The governor system was not represented. The complete system, without PSS, was therefore represented with 36 variables. All active and reactive loads are modeled using constant impedances.
In addition to the operating condition defined in [SI, it was considered two additional different scenarios. The operating conditions studied are characterized by:
OC1 -Base case; OC2 -A single line between bus 7 and 8; OC3 -Load decrease of 1000 MW.
The study of a small number of operating conditions allows, on a first stage, to demonstrate the performance of the proposed method while keeping the analysis simple.
The oscillation modes, for both operating conditions without PSS, are shown in Table I . The structure of the oscillations can be identified with a classical participation factor and mode shape analysis. For this system, the behavior of the initial oscillation modes is well known [8]-[10]. The higher frequency modes are associated to local oscillations. In contrast, the lower frequency mode is an inter-area mode, since it has a significant participation of all gmerators. The generator with greatest participation in inter-area mode is generator 3, which makes it the most suitable generator to install a PSS. The approach described before was then used to find out a robust solution in terms of PSS and their parameters, such that the oscillations damping would increase for values larger than 10%. The PSS adopted are assumed to have a transfer function like the one described in (2). The PSS parameters were adjusted considering also typical limits, as described in literature. In the optimization process, the following limits were Table I1 presents the results obtained with this approach.
The generators where the gain value of the PSS presents a value different from zero are the ones selected for PSS installation. Of course, the solution may not be the optimum one. Like any other algorithm based on meta-heuristics, this method does not guarantee that the global optimum value is found. In this example, only two generators were selected for PSS installation (generator 1 and 3) . This corresponds to the expectations, since generator 3 has the highest participation on inter-area mode. It is also necessary to install a PSS on generator l because the effect of generator 3 in the local mode of area 1 is not significant.
With PSS parameters adjusted according to the values shown in Table 11 , the system modes are now the ones presented in Table 111 It is obvious that the designed PSS produced now the desired result, and the damping of all electromechanical modes increased to values above 10%. Next figure shows the movement of all oscillation modes on the s-plane, which confirm that all modes are shifted to the lei? half plane, (to the left of the 10% damping ratio line). It is worth to be mentioned that frequency of electromechanical modes does not change significantly, that indicates proper phase compensation, near 180 degrees. A different approach to solve the proposed problem would he tuning the PSS considering one scenario -'%orst case" -instead of a simultaneous tuning. To identify the "wont case", it is clear that the hest guess would be the contingency scenario, because of the higher transfer reactance and the existence of an instable mode in the initial operating condition. However, by analyzing Table 111 , we may observe that damping in operating condition 1 is lower, which does not agree with the guess.
To determine if OC2 is the "worst case", the proposed method was applied just to this scenario. Therefore, if the guess is correct, it is expected that the solution found produces satisfactory results in the other scenario. The PSS parameters obtained are presented in Table IV and the resulting modes in both scenarios are shown in Table V . One can observe that with the adjusbnents of Table IV the damping of modes for OC1 (described in Table V) are bellowing the requirement (over 10% damping). On other side, if we perform the PSS adjustment only with scenario 1, the results obtained are not significantly different from the ones obtained with simultaneous design.
From these results, it is possible to conclude that the guess was wrong: the ''worst case" is scenario 1. These results demonstrate that is not always possible to identify the "worst case" base on simple rules. When applying PSS there are several factors involved other than damping of initial scenario. For instance, it has to be considered the influence that a PSS will have on damping. This can be done with a careful analysis of the speed participation factors for the inter-area mode. For the operating conditions considered, we verify that, although normalized participation factor does not change significantly, the absolute value (in PA.) is larger when transmission system is weaker. It should not be forgotten that phase compensation also varies with operating conditions.
Although modal analysis is a powerful tool, it should be kept in mind that power systems are nonlinear. Therefore, to demonstrate the effectiveness of the presented method, and the validity of results produced, it was simulated a disturbance in the system, with and without the PSS. Fig. 4 and Fig. 5 describe the oscillation obtained after a disturbance in the system, using the PSSE simulation package, for some of the considered scenarios. Solid lines describe the system behavior before installing PSS and dashed lines describe it after installing these devices. It can be observed from these. figures that, after installing the PSS with the parameters identified with the described approach, the system increased considerably its damping.
Finally, it should be mentioned that the EPSO performance was essential to the success of the proposed approach. As mentioned, the problem of PSS robust tuning is complex, and requires heavy computation.
E. New England system
In this part of the study, the 10 machines 39 bus power system, known as New England Test System, is used to demonstrate the effectiveness of the proposed method in larger systems. The one-line diagram is shown on Fig. 6 . and details of system data can be found in 1121. Generator 1 represents an equivalent of a large system. Electrical generators are represented here with a fourth order model. Excitation system was represented with an IEEE type 1 AVR model. The governor system was represented considering typical models. This results in a state matrix with a dimension of 94x94. All active and reactive loads are represented with a constant impedance model.
Five operating conditions were considered: OC1 base case; OC5 -15% Load increase; OCG -30% Load decrease. Without PSS the system exhibits low damped modes. The lower frequencies correspond to inter-area modes characterized by oscillations between groups of generators. n 4"
ii" In this situation the selection of the "worst-case" scenario becomes even more difficult, due to the large dimension of the system. In the OC5 operating point the load of the system is larger, on the other hand, in the cases where lines were considered to he out of service, the transfer reactances are larger.
Probably scenario OC6 would he the less problematic situation.
For this system, the following limits were used in the optimization process: The solution found corresponds to the installation of PSS in all the generators where this possibility was admitted by the approach. The PSS parameters obtained are presented in Table  VI . The oscillation modes, for the G scenarios, obtained without and with the PSS, adjusted with the parameters obtained, are presented in next figure. It can he verified that after the installation of the PSS the oscillation modes are now well damped and with a damping generally large than 10%. However, in a very few cases it was not possible to obtain the specified damping conditions, although the obtained values were very near the project targets.
The frequency deviations in some modes are considerable high, as it can he observed from the imaginary values of the pole map presented in figures 7. In fact it was not considered any restriction regarding this kind of deviation in the initial problem formulation. However, if such a restriction would he included it would he expected a reduction in the obtained damping. This results from the difficulty in introducing the necessary phase compensation. In order to validate and evaluate the quality of the results obtained, time domain simulations were also performed here. For that purpose a short-circuit was simulated in bus 28 with a duration of 100 ms. In Figures 8, 9 and IO selected results are shown. As it can he observed the generator speeds become rapidly damped after the installation of the PSS tuned with the parameters determined used the described approach.
VI. CONCLUSIONS
The approach described here to identify the location of the installation of PSS and to produce their tuning, shown to he well succeeded in producing robust solutions to assure well damping characteristics in several operating conditions.
The adoption of EPSO, to deal with this optimization prohlem, also revealed excellent performance that contributed for the success of the described approach.
The results obtained lead to:
1. selection of a reduced number of generators where PSS should he installed; 2. considerable increase in damping of the electromechanical oscillations for all the scenarios considered.
The approach described in this paper can he considered as a new tool for the identification of good solutions in the search space.
